The eastern boundary of the North Atlantic subtropical gyre (NASG) is an upwelling favorable region characterized by a mean southward flow. The Canary Upwelling Current (CUC) feeds from the interior ocean and flows south along the continental slope off NW Africa, effectively providing the eastern boundary condition for the NASG. We follow a joint approach using slope and deep-ocean data together with process-oriented modeling to investigate the characteristics and seasonal variability of the interior-coastal ocean connection, focusing on how much NASG interior water drains along the continental slope. First, the compiled sets of data show that interior central waters flow permanently between Madeira and the Iberian Peninsula at a rate of 2.5±0.6 Sv (1 Sv 0 10 6 m 3 s -1 10 9 km s -1
Introduction
The North Atlantic Central Waters (NACW) occupy the top 600 to 700 m of the water column in the eastern North Atlantic subtropical gyre (NASG) , in what constitutes the upper permanent thermocline (e.g., Machín et al. 2006a; Pastor et al. 2012) . These waters flow as the Canary Current (CC) closing an anticyclonic loop that links the Azores and North Equatorial Currents (Fig. 1) . Several studies presented annual and seasonal geostrophic streamlines where some 3 to 5 Sv of the CC appear as flowing into the continental slope between the Iberian Peninsula and the Canary Islands (Stramma 1984; Stramma and Issemer 1988; Stramma and Siedler 1988) , including a 1-Sv outflow through the Strait of Gibraltar into the Mediterranean (Candela 2001) . However, these and other studies carried out between the 1980s and the early 1990s mainly focused on the open-ocean flow patterns of the CC and did not address the interior-coastal ocean coupled response (e.g., Müller and Siedler 1992; Schmitz and McCartney 1993; Siedler and Onken 1996) . Subsequent observational studies did describe some aspects of the recirculation of a major fraction of the CC near the North African shelf break (Arhan et al. 1994; Siedler and Onken 1996; Paillet and Mercier 1997) . Arhan et al. (1994) proposed that the main cause for ventilation at the eastern boundary is the cross-slope flow in the bottom mixed layer associated to the along-slope southward current. Siedler and Onken (1996) summarized available data indicating that the eastern branch of the CC is almost permanent and transports some 4 Sv southward through the Canary Islands. Another characteristic of the North African upwelling system is the presence of a poleward undercurrent in the slope region (Hughes and Barton 1974; Barton and Hughes 1982; Barton 1989; Mittelstaedt 1983 Mittelstaedt , 1991 . Pelegrí et al. (1997) hypothesized that the water transport into the continental slope is linked to the quasi-permanent southward flowing coastal upwelling jet. The northern limit of this jet is imposed by the presence of the Strait of Gibraltar, so water-mass continuity requires input from the interior ocean. Barton (1998) and Barton et al. (1998) also emphasized the important interactions between the open ocean and the coastal upwelling region north of the Canary Islands. The monthly values of dynamic heights at the sea surface and at 300 m display a year-long connection of the interior ocean with the coastal upwelling region but with significant seasonal changes (Fig. 2) . North of the Canary Islands, the onshore flow gets intensified from July to September. This is in contrast with the situation immediately afterward, in October and November, when the onshore flow in this region relaxes. Pelegrí et al. (2005a) suggested that the eastern branch of the CC feeds the coastal jet with water from the interior ocean, a process referred to as water drainage (Laiz et al. 2001; Pelegrí et al. 2005b ). The hypothesis was that part of the southward transport takes place as a baroclinic upwelling jet and part as a barotropic response of the whole water AC CC CUC NEC Fig. 1 Eastern subtropical North Atlantic. AC Azores Current, CC Canary Current, CUC Canary Upwelling Current, NEC North Ecuatorial Current. The main geographical features are indicated. The 500, 1,000, 2,000, 3,000, and 4,000 m isobaths are shown for reference (Smith and Sandwell 1997) . The dashed gray line is indicative of the cyclonic structure that embraces the Canary Islands in winter (Mason et al. 2011) column. The permanence of the southward flow is determined by this mixed baroclinic and barotropic character of the upwelling jet. The baroclinic jet responds quickly to changes in the upwelling favorable winds, but the barotropic jet has much greater inertia, since it results from the accumulative outcome of the trade winds acting over a relatively thick upwelled upper thermocline (the momentum is transferred to the whole water column, i.e., down to the sea floor, rather than solely affecting the upwelling thermocline, e.g., some 150 to 250 m). This means that the momentum of the barotropic jet varies slowly, with little influence from the intermittency in the trade winds and will remain even when the upwelling conditions temporarily disappear (Pelegrí et al. 2005a ). This would guarantee the interior-coastal ocean connection even during periods of small or null upwelling. North of the Canary Islands, the trade winds have a clear seasonal cycle, with maximum intensities during summer and decreasing values in fall toward a winter minimum. Hence, the southward barotropic contribution should peak some time after the summer trade winds.
Data collected as part of the European Union Canary Islands Azores Gibraltar Observations (CANIGO) project provided the possibility of examining how the interior ocean-coastal region coupled system operates in the NASG Knoll et al. 2002; Pelegrí et al. 2005a, b; Machín et al. 2006b ). Some of the measurements carried out during CANIGO were made over and near the slope, therefore being capable of identifying the southward recirculation of the eastern CC branch as it flows shoreward north of the Canary Islands and continues south close to the continental slope (Pelegrí et al. 2005a) . The eastern CC branch, hereafter the Canary Upwelling Current (CUC) , sometimes proceeds further south traveling between the eastern Canary Islands and the African coast but other times it appears to rejoin the interior ocean at Cape Ghir before flowing south through the western Canary Archipelago. This seasonal behavior of the CC was confirmed by Machín et al. (2006a) after analyzing data sets from four cruises carried out during CANIGO and, more recently, by Mason et al. (2011) through a high-resolution climatological numerical study using the Regional Ocean Modeling System (ROMS).
Some theoretical studies have also suggested that the eastern boundary current of ocean subtropical gyres can control the interior flow (Pedlosky 1983; Janowitz 1986; Huang 1989; Cessi 1992; Csanady and Pelegrí 1995) . Some Fig. 2 Seasonal means of dynamic height at a 10 m and b 300 m referred to the neutral density surface γ n 027.25, which in this region is located at a mean depth of about 600 m. From top to bottom and from left to right subplots correspond to winter (Jan-Mar), spring (Apr-Jun), summer (Jul-Sep), and autumn (Oct-Dec). Data have been obtained from the World Ocean Atlas WOA01 with a 1×1°resolution of these models are extensions of the ventilated thermocline theory (Luyten et al. 1983 ). Pedlosky (1983) and Huang (1989) relaxed the zero geostrophic zonal flow condition by allowing vertical transfer in an eastern boundary layer and found substantial changes in the structure of the thermocline. Cessi (1992) showed that an upwelling favorable wind-stress results in a subsurface water flow into the boundary, interpreted to be the mass source of the wellknown poleward undercurrent in eastern boundary systems. Sumata and Kubokawa (2001) carried out several numerical experiments to investigate the density structure of eastern boundaries and their effect on the structure of the thermocline in the subtropical interior region. They showed that a (vertically integrated) no-net zonal flux condition at the eastern edge of the basin results in eastward flow at the upper part of the mixed layer, its sinking at the eastern border, and its return to the interior ocean within the lower portion of the mixed layer. Laiz et al. (2001) and Machín et al. (2006b) used a process-oriented one-layer quasigeostrophic numerical model for the NASG to examine the interaction of the coastal upwelling region with the interior flow by modifying the standard eastern boundary conditions. The new conditions allow a coastward flux across the eastern boundary through the relaxation of the no-normal flux condition and replace the free-slip/no-slip condition through the specification of a meridional band of constant potential vorticity. This second condition allows southward flow by breaking the lines of constant planetary vorticity, interpreted as caused by the generation of anticyclonic relative vorticity by the slope current system (Pelegrí et al. 2005a . The simplicity of the model was extended to the wind field, selected to be constant in longitude, sinusoidal in latitude, and left to meridionally shift over 15°of latitude throughout the year. Despite these idealizations, the model was capable of illustrating the connection of geostrophic flows between the deep and coastal oceans in the whole eastern boundary (Stramma 1984; Stramma and Issemer 1988; Stramma and Siedler 1988) . Laiz et al (2001) examined the sensitivity of the model to the different boundary conditions while Machín et al. (2006b) focused their study in the southern Gulf of Cadiz, with the model results displaying winter and summer flow characteristics similar to those inferred from in situ measurements.
In this paper, we first analyze several years of expendable bathythermograph (XBT) data which confirm the existence of significant shoreward flux throughout the year and then use the process-oriented quasigeostrophic one-layer model, forced with climatological seasonal winds, to investigate how the interior flow depends on the non-zero normal-flux and constant potential vorticity boundary conditions. The data set encompasses XBT data previously used in other publications Machín et al. 2006b ) together with other deep-sea XBT and conductivitytemperature-depth (CTD) transects. All XBT sections are jointly reprocessed using new temperature-salinity (T-S) algorithms, and the results integrated in order to calculate the geostrophic balances relative to the 27.25 neutral density level. These results are then compared with the flow patterns as obtained from the idealized one-layer model with the modified eastern boundary conditions and the climatological wind forcing. Despite the simplicity of the model, the comparison is encouraging, with interior waters draining along the eastern boundary at higher latitudes and recirculating back to the ocean at lower latitudes.
Data sets
Our data set consists of XBT sections carried out from 1995 to 1998: those extending between the Canary Islands, Madeira, and the Iberian Peninsula (long sections, Fig. 3 ) and those running from the central Canary Islands to the African shelf (short sections, inset of Fig. 3 ). All long sections have been used by Ratsimandresy et al. (2001) to examine seasonal changes in the surface mixed layer, and those running along the African slope have been employed by Machín et al. (2006b) to calculate the cross-slope fluxes in the southern Gulf of Cadiz. Additionally, most of the short sections have been analyzed by to compute temporal changes in the flow of central waters through the eastern Canary Islands. Here we use all available XBT sections, including long XBT sections from the Canary Islands to the Madeira Islands and from the Madeira Islands to the Iberian Peninsula, to carry out a joint analysis of the seasonal and interannual variability of the water mass balances in the region. For this purpose, this data set is reprocessed using the recent T-S algorithms developed by Machín et al. (2010) for this region. These data are complemented with CTD data from several sections carried out in the region during the 1995-1998 period.
All XBT and CTD sections are presented in Table 1 . The cruises are identified using the notation yymm referring to the year (yy) and month (mm) in which they took place. CTD sections from Hernández-Guerra et al. (2001) , Pelegrí et al. (2005b) , and Machín et al. (2006a) are identified as CTDyymm. Short sections within the Canary Archipelago had bimonthly periodicity, with maximum coverage between Gran Canaria and Africa, while long sections were maintained quarterly.
XBT sections
The long XBT sections were carried out between (1) the Canary Islands and the continental slope off Cadiz at the Iberian Peninsula, running approximately parallel to the Morocco coastline; (2) the Canary Islands and Madeira Island; and (3) Madeira and the Iberian Peninsula off Lisbon, this last one running roughly parallel to the CadizCanary Islands section (Table 1; Fig. 3 ). Most of these XBT sections were executed during CANIGO (Ratsimandresy et al. 2001; Hernández-Guerra et al. 2002) , but some of them belong to earlier realizations (Pelegrí et al. 2005b ). The XBT probes sampled the upper 760 m of the water column with average spatial resolution of 35 km. The Cadiz-Canary Islands (Cd-Cn) section was sampled 13 times between 1995 and 1998, with the highest sampling density during summer and autumn (Table 1 ). The sections LisbonMadeira (Lb-Md) and Madeira-Canary Islands (Md-Cn) were repeated seven times each. Due to logistic reasons, these sections were not carried out simultaneously; rather, they typically followed each other with a few days difference.
The short XBT transects correspond to those connecting either two Canary Islands (Tenerife-Gran Canaria (Tf-Gc) and Gran Canaria-Fuerteventura (Gc-Fv)) or one of the easternmost islands (Fuerteventura (Fv) or Lanzarote (Lz)) with the African (Af) coast (Table 1; Fig. 3 ). They were all carried out during CANIGO, on a bimonthly basis, from November 1996 to September 1998 . Each leg was completed in less than 24 h, and different legs were usually carried out consecutively with the same Navy vessel (except for the Tf-Gc section that employed an opportunity ferry) so that all sections were done in just a few days. The probes were launched with spatial resolution of about 7 km, reaching either the bottom or 760 m.
CTD data
CTD data obtained on board the BIO Hespérides in October 1995 and September 1997 are used to complement the long XBT sections. CTD data were acquired with spatial resolution of about 35 km and down to 1,000 m along the African slope and off Cape Ghir (Pelegrí et al. 2005a, b) . Additionally, in order to complete 2 years of data for the short transects, we also use two CTD transects carried out along Gc-Fv and Lz-Af on board R/V Thalassa in September 1998 ). The CTD stations had spatial resolution of 13 km and extended down to near the seabed. Finally, we also utilize the transport estimates for the eastern end of four CTD sections (from the southern tip of Lanzarote Island to the African shelf) Fig. 3 Gray points indicate the location of all XBT stations for the long sections launched during the 1995-1998 period between the Iberian Peninsula, Madeira Islands, and the Canary Islands: Lisbon-Madeira (Lb-Md), Madeira-Canaries (Md-Cn), and Canaries-Cadiz (Cn-Cd). Dark points indicate the positions of those for the December 1996 cruise during which all three sections were sampled. The 500, 1,000, 2,000, 3,000, and 4,000 m isobaths are shown for reference (Smith and Sandwell 1997) . Inset: Gray points indicate the location of all XBT stations for the short sections launched during the 1995-1998 period between the central and eastern Canary Islands and the African continental platform: Tenerife-Gran Canaria (Tf-Gc), Gran CanariaFuerteventura (Gc-Fv), Fuerteventura-Africa (Fv-Af), Lanzarote-Africa (Lz-Af), and Gran Canaria-Africa (Gc-Af). Dark points indicate the positions of stations during the January 1997 cruise, when four sections were sampled carried out in January and September 1997 and April and July 1998 (Machín et al. 2006a ). These CTD stations again had spatial resolution of 13 km and covered the whole water column.
Data analysis
Salinity values are estimated from temperature and depth data through an inverse model fit to historical data (Machín and Pelegrí 2009a; Machín et al. 2010) . The model gives a second-order polynomial of salinity as a function of temperature and depth (relative to deep temperature and depth reference values) plus an independent coefficient which approximately equals the corresponding deep reference salinity. The coefficients, calculated over 2×2°boxes, change smoothly over the region so they can be applied to XBT sections that stretch over more than one single box. The polynomial fit provides salinity and density with maximum errors about 0.05 U and 0.03 kg m −3 , respectively. The Also included are transports calculated with sections CTD9809 from Hernández-Guerra et al. (2001), CTD9709 from Pelegrí et al. (2005b) , and CTD9701, CTD9709, CTD9804, and CTD9807 from Machín et al. (2006a) . The numbers in italics have mean values larger than the standard deviation. Bold numbers are used to indicate those instances when a box may be closed with the available data so that net balances in or out of this box can be calculated
inferred geostrophic velocity field depends on the density horizontal gradients, typical surface errors being about 0.01-0.02 m s −1 and rapidly decreasing with depth (Machín et al. 2010 ). The inverse model greatly improves the salinity predictions with respect to previous approaches as it controls both the size of the model coefficients and the errors in the prediction. In order to estimate the geostrophic velocity, we have to establish a proper level of no motion, in this case made to correspond to a constant neutral-density γ n level. We search for this level at the bottom of the NACW. We expect that the velocities of NACW will be large in comparison with those in the selected level of no motion and elsewhere in the water column, therefore minimizing the possible errors. A recent study by Pastor et al. (2012) , with cruise data from Cape Verde to the Iberian Peninsula, has indeed shown that the lower limit of NACW is at the 27.14 neutral density level (at depths 500 to 550 m). In the southern part of the domain and at least until 32.5°N, the 27.25 neutral density surface (at depths 550 to 600 m) separates NACW, transported southward by the CC, from a diluted variety of northwardflowing Antarctic Intermediate Water (AAIW) (Machín and Pelegrí 2009b; Pastor et al. 2012) . AAIW is not found in the northern part of our domain where, at the lower end of NACW, we find Mediterranean Water (Pastor et al. 2012) . The level where NACW meets the AAIW may also be guessed from the mean vertical sections for temperature T, reconstructed salinity S, neutral density γ n , and geostrophic velocity v (Figs. 4 and 5). Below γ n 027.25, there is a salinity drop in the southern end of the long sections ( Fig. 4 ) and in the eastern short sections (Fig. 5) , indicative of the presence of AAIW.
The selection of γ n 027.25 as the no-motion reference level is also supported by dynamical calculations in the area around and immediately north of the Canary Islands. Machín et al. (2006a) applied an inverse model to this region and concluded that γ n 027.38 (at about 700 m) was an adequate reference level for the region. Machín and Pelegrí (2006) actually showed that, when the reference level is assumed to be motionless, the minimum mass transport imbalance corresponds to a reference level at γ n 027.25. These previous results agree with the classical idea of a level of no motion at the interface between two water masses of different origin and endorse our choice of γ n 027.25 as a near-zero velocity level, useful for calculating the geostrophic velocity fields.
The errors estimating the geostrophic velocity field depend both on the inaccuracies in the Machín et al. (2010) method to infer the salinity field and on the assumption of a level of no motion at the 27.25 neutral density level. The former error is usually the largest near the sea surface, as the error involved in determining the dynamic height may accumulate through integration from the reference level. In particular, Machín et al. (2010) showed that relatively large salinity errors (above 0.1 U) usually take place only in the top 100 m, being the major responsible for velocity surface misfits of up to 0.01 or 0.02 ms −1
. The size of the second error, related to the selection of the reference level, may be assessed through models and data for the region. Müller and Siedler (1992) , using nearly 10 years of data from the Kiel276 station (about 33°N, 22°W), obtained that the mean velocities at 670 m depth are equal or smaller than its standard deviation, the east and north components being 0.3±1.1 and −0.9±0.8 cm s −1
. Hernández-Guerra et al. (2003) used 4 years of data at station EBC-4, in the passage between the eastern Canary Islands and the African coast (at about 28.75°N, 14.5°W), to report that the mean velocity near the bottom of NACW was also substantially lower than the standard deviation. These authors found the east and north mean velocity components to be −2.1±4.4 and −0.1 ±3.2 cm s −1 at 517 and 873 m, respectively. Finally, Machín et al. (2006a) applied an inverse model to the region from the Canary Islands to Madeira Island and between the African coast and 18°W and found that the reference velocity at γ n 0 27.38 over the continental slope was often well below 1 cm s −1 . Therefore, using a reasonable estimate for a maximum depthmean error velocity of 0.05 cm s
, we find that when integrated over a depth of 500 m, it would lead to errors between about 0.1 and 1.0 Sv for the short (50 km) and long (500 km) sections, respectively.
The neutral density γ n values are computed following the Jackett and McDougall (1997) density algorithm. Figures 6 and 7 show phase plots for the depth of two isoneutral surfaces (γ n 026.8, located close to the sea surface, and 27.1, situated in the lower NACW) as a function of time and latitude. For the long sections, we have combined Md-Tf and Md-Gc as one single section (Md-Cn) and Cd-Tf, Cd-Gc, and Cd-Lz as section Cd-Cn (Fig. 6 ). For the Lb-Md section (top two panels), both isoneutrals shoal with latitude, indicating the presence of an eastward flowing current that intensifies south of about 36°N. For the Md-Cn transect (middle two panels), the two isoneutrals either flatten or shoal southward, which suggests no or weak westward flowing recirculation. The CdCn section (bottom two panels) displays substantial mesoscale variability but, in general, the isoneutrals shoal with latitude, particularly north of Cape Ghir (31°N). This picture agrees with the anticyclonic circulation for NACW in the eastern North Atlantic basin (Stramma 1984; Stramma and Siedler 1988) , with a major fraction of water getting transported onto the African slope in what constitutes the source of the CUC.
The phase plots for the short sections correspond to TfGc, Gc-Fv, Fv-Af, and Lz-Af, i.e., section Gc-Af is discarded as it is made by only two realizations (Fig. 7) . The Tf-Gc section has little spatial structure, but the Gc-Fv section displays a persistent rise of the isoneutrals toward the east, suggestive of southward flow. The two sections through the eastern passage, despite their proximity, display important differences: In the northern section (Lz-Af), the isoneutrals most of the time rise toward the African coast while in the southern section (Fv-Af), it is much more variable. These observations point at the existence of mesoscale structures within the passage itself. In both the Gc-Fv and Lz-Af sections, we find that most of the change in depth gesting that the most intense flows are linked to either the island or continental slopes.
The geostrophic mass transports are calculated as a function of distance along each section by vertically integrating the geostrophic velocities between the reference neutral density (γ n 027.25) and the sea surface and multiplying the result by the distance between adjacent stations. Figures 8 and 9 show the calculated mass transports for each individual realization of all long and short sections, respectively. Despite the existence of notable temporal and spatial variability, the mean transport patterns confirm what the slope of the isopycnals had anticipated. The main branch of the Azores Current is located north of Madeira, between about 34°and 35°N, and flows into the African slope north of Cape Ghir, mostly between about 32°a nd 34°N (Fig. 8) . Immediately south of Cape Ghir, at about 31°N, we find several summer (Jul-Sep) and fall (Oct-Dec) instances of substantial offshore flow, the most prominent one corresponding to July 1998. The transport between Madeira and the Canary Islands is weak, with significant variability possibly related to mesoscale features (Fig. 8) . The transport through the islands is predominantly toward the south though there are localized spatial and temporal inversions, most often between the eastern islands and the African coast (Fig. 9) . Figure 10 shows the temporal variability of mass transport across each section plotted as a function of the month for all years together (data values in Table 1 ). For the long offshore sections, we observe some 2-3 Sv flowing eastward across the Lb-Md section and recirculating through the Cn-Cd (1 to 2.5 Sv) and Md-Cn sections (0 to 1.5 Sv). On the other hand, the mass transports through the island passages have noticeable temporal variability, with sustained southward transports (1 to 2 Sv) through the Lz-Af and Fv-Af sections during the first half of the year and through the Tf-Gc and Gc-Fv sections during the second half of the year. In late fall and early winter, the flow through the eastern passages (Fv-Af, Lz-Af) often gets reverted, with northward transports that might exceed 2 Sv (Table 1) . These flow inversions appear to occur 1-2 months after the occurrence of significant offshore diversion south of Cape Ghir (Fig. 9) , as proposed by Pelegrí et al (2005a) and Machín et al. (2006a) . There is substantial variability inside the eastern passage, like in July 1996 and September 1997 when there is a prominent cyclonic pattern in the Lz-Af section (Figs. 9 and 10 ).
Quasigeostrophic model
A process-oriented one-layer quasigeostrophic model for homogeneous and incompressible fluid is used to represent the circulation pattern of the NASG. The fundamentals of the model follow the classical quasigeostrophic theory but the eastern boundary conditions are modified as in Laiz et al. (2001) and in Machín et al. (2006b) . A summary is provided below. The model is used to examine the influence of the eastern boundary conditions, as imposed by the coastal ocean, to the patterns of the interior flow within the eastern subtropical gyre.
In this application, the ocean is idealized as a rectangular basin of constant depth, located from 75°W to 17°W longitude and from 10°N to 40°N, on a mid-latitude β-plane. Wind forcing uses the climatological seasonal winds, but taking special attention to the region north of 22°N, where the real eastern boundary does not follow north. The winds in the latitudinal band between 17°and 22°W, i.e., contiguous to the model's boundary, are the actual winds in a 5°band adjacent to the African coast.
Model fundamentals
The model is formulated using the quasigeostrophic barotropic vorticity equation:
and the Poisson equation:
with K the relative vorticity and y the stream function (Pedlosky 1979 ). In the left-hand side of Eq. (1), the first and second terms represent the rate of temporal change and the non-linear advection of relative vorticity, with J denoting a Jacobian operator; the third term represents the meridional advection of planetary vorticity, with β 0 the planetary vorticity gradient. In the right-hand side of Eq.
(1), the first term stands for the input of relative vorticity through the vertical component of the wind-stress curl, with ρ and D the density and the depth of the water column, respectively; the other terms represent bottom and lateral friction, with r and A H being the bottom friction and the horizontal diffusion coefficients, correspondingly. The wind-stress curl is calculated according to the following expression:
with t x and t y being the zonal and meridional surface windstress components, respectively. In order to numerically solve these equations, we require boundary conditions for both the vorticity and the stream function. The standard boundary conditions correspond to a slip condition at the zonal boundaries, no-slip at the meridional boundaries, and no-normal flux in all boundaries. They are specified as follows (Roache 1982) :
no À slip at meridional boundaries first order form ð Þ
where subscript b indicates the grid point at the boundary, n is the direction normal to the wall, and Δn is the normal-to-wall distance from grid point b−1 to grid point b.
The above boundary conditions may be modified at the eastern boundary to study the interaction between the interior and coastal oceans. First, the no-normal flux condition Fig. 7 Depth of two selected isoneutrals as a function of time and longitude for short sections Tenerife-Gran Canaria (Tf-Gc), Gran Canaria-Fuerteventura (Gc-Fv), Fuerteventura-Africa (Fv-Af), and Lanzarote-Africa (Lz-Af): left γ n 026.8 and right γ n 027.1. The tick marks indicate the times when XBT sections were carried out is replaced by a condition that either allows or imposes a coastward flux across the boundary, i.e., y e ¼ y eÀ1 ; non À zero normal flux ð5aÞ
where the subscript e indicates the grid point at the eastern boundary. In the model, the eastern boundary corresponds to the 17°W parallel, which we idealize as being close to the African continent, so this condition shall allow interior ocean water to flow into or out of the near-coastal region (see below). Fig. 8 Geostrophic mass transports, integrated down to γ n 027.25, between adjacent stations for all long sections. Subplots have been aligned per season: from left to right, first column corresponds to winter realizations (Jan-Mar), second column corresponds to spring (Apr-Jun), third column corresponds to summer (Jul-Sep), and fourth column corresponds to autumn (Oct-Dec). See Table 1 for the exact months and locations of these sections Second, the standard slip/no-slip conditions are modified by specifying a meridional band of constant potential vorticity:
where f is the Coriolis parameter expressed as f ¼ f 0 þ b 0 y with y being the latitudinal distance (β-plane). Hence, for a constant depth basin, the relative vorticity along this eastern boundary becomes:
where c denotes the grid point along the eastern boundary south of which the standard no-slip condition applies, i.e., y c denotes the latitudinal (or critical) position south of which the flow may return to the interior ocean.
The condition of constant potential vorticity along the eastern boundary allows meridional motion at this boundary, i.e., the flow will be able to move to regions with different planetary vorticity. The physical mechanism responsible for this motion is the generation of relative vorticity at the eastern boundary, as if induced by the horizontal shear produced by either the intense southward flowing coastal upwelling jet or the northward flowing poleward Fig. 9 Geostrophic mass transports, integrated down to γ n 027.25, between adjacent stations for the short sections. Subplots have been aligned per season: from left to right, first column corresponds to winter realizations (Jan-Mar), second column corresponds to spring (Apr-Jun), third column corresponds to summer (Jul-Sep), and fourth column corresponds to autumn (Oct-Dec). See Table 1 for the exact months and locations of these sections undercurrent (Pelegrí et al. 2005a . Troupin et al. (2012) used the ROMS model to explore the generation mechanism of the Cape Ghir upwelling filament. Their simulations confirm the occurrence of a narrow (less than 1995 1996 1997 1998 1997 1998 (f ) F v-Af/Lz-Af (Fv-Af) (Fv-Af) (Fv-Af) (Fv-Af) (Lz-Af) (Lz-Af) Fig. 10 Mass transports, integrated down to γ n 027.25, through all sections: Lisbon-Madeira (Lb-Md), Madeira-Canaries (Md-Cn), Canaries-Cadiz (Cn-Cd), Tenerife-Gran Canaria (Tf-Gc), Gran CanariaFuerteventura (Gc-Fv), Fuerteventura-Africa (Fv-Af), LanzaroteAfrica (Lz-Af), and Gran Canaria-Africa (Gc-Af). See Table 1 for the exact harbors in the Canary Islands. Values are in Sv, with positive values indicating northward and eastward transports 100 km wide) meridional bands of negative (offshore) and positive (near-shore) relative vorticity along the African coast (our eastern boundary).
The boundary conditions described above are summarized in Table 2 . Case 1 refers to the standard conditions. Cases 2 and 3 correspond to different combinations of the alternative set of boundary conditions (Eqs. 5a, 5b, and 5d). More specifically, in case 2, the eastern boundary was divided into two regions, one between 10°and 20°N and the other between 20°and 40°N. In case 3, the eastern boundary was divided into four regions (10-20°N, 20-27°N , 27-32°N, 32-40°N). Cases 4, 5, and 6 are equivalent to cases 1, 2, and 3, respectively, but with a 1-Sv flow into the eastern boundary between 38°and 40°N, simulating the exit of NACW to the Mediterranean Sea (Candela 2001) .
A physical justification for dividing the eastern domain into two or four regions was already given by Laiz et al. (2001) and Machín et al. (2006b) . In summary, the existence of two regions takes into account the separation between the NASG and the Shadow Zone cyclonic gyre at the Cape Verde frontal zone (Stramma 1984; Kawase and Sarmiento 1985; Schmitz and McCartney 1993) . The presence of four regions further takes into account the existence of three different regimes within the NASG (north of Cape Ghir, between Cape Ghir and Cape Bojador, and from Cape Bojador to Cape Blanc) plus the Shadow Zone south of Cape Blanc (Mittelstaedt 1991; Pelegrí et al. 2005a ).
The equations are numerically integrated through a finitedifference scheme and solved using the Leapfrog method for the vorticity equation and the successive over-relaxation approach for the Poisson equation (Roache 1982) . More details on the numerical integration, as well as a sensitivity analysis to different combinations of eastern boundary conditions, are given by Laiz et al. (2001) . A constant mesh spacing in the x (longitude) and y (latitude) directions is used, with a spatial resolution of Δx ¼ Δy 
Wind field
The main difference between this model work and that presented in Laiz et al. (2001) and Machín et al. (2006b) lies in the use of climatological winds (seasonal and space dependent) rather than extremely idealized (longitude independent and sinusoidal in latitude) winds. In this work, we force the model with seasonally averaged surface wind-stress values as obtained from the Scatterometer Climatology of Ocean Winds (SCOW), based on 8 years of QuikSCAT scatterometer data (Risien and Chelton 2008) . We have also examined how sensitive the results are to the wind fields by using several other climatological seasonal winds (Hellerman and Rosenstein 1983; da Silva et al. 1994; Trenberth et al. 1990; Josey et al. 2002) . We find the seasonal results can vary substantially between the different climatologies. In this work, we have selected the SCOW climatology as it is expected to perform better in the coastal transition region (Risien and Chelton 2008) . As mentioned before, the model's eastern boundary is a constant longitude line, which we locate at 17°W. This is a gross idealization for the northeastern corner, i.e., north of about 22°N the coastline actually tilts northeast between about 17°and 8°W. This is a quite critical issue as it is here where we have the XBT data set and also where we want to apply the new set of boundary conditions. A possible solution would be to adapt the model's eastern boundary to the coastline morphology, abandoning the idealizations behind a process-oriented model. Alternatively, a straight boundary may still be a good approximation as long as we keep into account the orientation between the coastline and the actual wind forcing. This is also a sensible procedure for comparing with the geostrophic velocity observations as the XBT long sections run closely parallel to the coast. Notice that cases 4, 5, and 6 reproduce cases 1, 2, and 3 except for the modified conditions between 38°and 40°N
The procedure consists in rotating the wind field in the northern coastal region and translating it to the meridional band along the eastern boundary of the model (17°W). The orientation of the rotated wind field relative to the rotated boundary is the same as the orientation between the original winds and the unrotated coastline. The idea behind this rotation is that the dynamically relevant wind, in what concerns the deep-coastal ocean connection, is the wind field relative to the coastline. The wind-stress forcing the model at the eastern boundary maintains the same angle relative to the model eastern boundary as the actual wind climatology does relative to the real coastal boundary. Since the original winds had a significant onshore component at the African coastline, it turns out that the rotated wind field is more meridional than the original winds (Fig. 11) .
The SCOW monthly wind-stress values are available on a 0.25×0.25°latitude-longitude grid. We place the eastern boundary at 17°W, and the wind-stress field from a 5°-wide coastal band north of 22°N is rotated so that they replace the wind-stress data north of 22°N and between 17°and 22°W (Fig. 11) . The new wind field (in the rectangular grid) is then interpolated onto a 0.5×0.5°grid, a procedure which effectively smoothes out the transition from the rotated band to the interior winds. Finally, the wind-stress curl is calculated according to Eq. winter (Jan-Mar), spring (Apr-Jun), summer (Jul-Sep), and autumn (Oct-Dec). Figure 12 presents the streamlines of the whole NASG for cases 1 to 6 using the annual-mean wind-stress curl climatology. The left panels do not simulate the flow through the Strait of Gibraltar while in the right panels a 1 Sv outflow is imposed between 38°and 40°N (Candela 2001) . All cases display the characteristic asymmetry between the intense western boundary jet and the much weaker eastern currents, as well as the existence of a cyclonic gyre (Shadow Zone) in the southeastern part of the gyre (Sarmiento et al. 1982; Luyten et al. 1983; Kawase and Sarmiento 1985; Mittelstaedt 1991; Zenk et al. 1991) . The influence of the eastern boundary condition on the circulation pattern in the eastern side of the gyre is evident.
Numerical results
Case 1, which corresponds to the no-slip and no-normal flux standard conditions at the whole eastern boundary, shows the typical NASG circulation pattern. The rotation and substitution of the wind-stress values, as explained above, only causes minor modifications of the flow lines at the northeastern corner when compared to the results obtained without modifying the wind-stress field (not shown here). The distribution of potential vorticity (not shown here) closely follows the lines of constant planetary vorticity everywhere in the domain. The relative vorticity in the eastern portion of the NASG is negative and very small, except for a narrow band of small positive values caused by the no-slip condition. The imposition of a 1-Sv outflow, to simulate the presence of the Strait of Gibraltar (case 4), has little effect on the solution.
The subdivision of the eastern boundary into two regions results in substantial changes with respect to the classical solution. With no Gibraltar outflow (case 2), it turns out there is a mean drainage of up to 5.8 Sv of interior water into the eastern boundary coastal region which returns back to the interior ocean south of Cape Blanc. The simulated outflow condition of 1 Sv at Gibraltar (case 5) intensifies the total eastern boundary drainage up to 7.3 Sv; therefore, only 6.3 Sv recirculate through the slope ocean. The lines of potential vorticity form a homogeneous band at the eastern boundary that corresponds to a narrow band of high (negative) relative vorticity (not shown here as it only affects a few grid points immediately adjacent to the boundary); such a narrow band has been observed in the numerical simulations carried out by Troupin et al. (2012) with ROMS.
The imposition of 1 Sv outflow at Gibraltar causes the streamlines to shift up at the northern half of the eastern boundary, indicating that there is more water leaving the domain through the boundary. In this case, some additional water is found to return south of the critical point y c . One Finally, if the eastern boundary is divided into four regions (case 3), the pattern near the boundary becomes much more complex, although its influence onto the interior ocean does not penetrate as far west as in case 2. The imposition of a 1-Sv Gibraltar sink between 38°and 40°N (case 6) now results in a very minor increase of the amount of interior water exiting through the eastern boundary (from 2.7 to 3.3 Sv), so the actual recirculation through the coastal ocean (north of the Canary Islands) decreases from 2.7 to 2.3 Sv. In this case, two bands of high (negative) relative vorticity are obtained at the eastern boundary where the constant potential vorticity condition is imposed. Elsewhere in the boundary, where the noslip condition was applied, the relative vorticity is positive (not shown here).
Figures 13, 14 and 15 display a close-up of the seasonally averaged stream lines for the eastern part of the NASG for cases 4, 5, and 6, respectively. All cases present significant seasonality driven by the wind-stress curl fluctuations. Cases 5 and 6 show the water recirculation into the slope ocean to intensify during autumn-winter and to weaken during spring-summer. For example, north of the Canary Islands, for case 6, the connection between the open ocean and the slope increases from 1.4 Sv in summer to 2.7 Sv during autumn (after subtracting the 1 Sv exit at Gibraltar, Fig. 16 ). Additionally, the eastern part of the gyre has a larger north-south extension in spring as compared with autumn, in qualitative agreement with early results by Stramma and Siedler (1988) .
Discussion
The eastern boundary conditions in our idealized model effectively impose negative vorticity to the interior ocean. However, if we assume that stratification changes little with latitude along the NW Africa upwelling region, i.e., thinking in terms of the barotropic contribution of the meridional CUC, a southward flowing coastal water parcel requires an increase in relative vorticity equivalent to its decrease in planetary vorticity. Pelegrí et al. (2006) proposed two different sources of positive relative vorticity: the coastal upwelling jet and the poleward undercurrent. The speed of the upwelling jet, in particular its barotropic contribution, must increase as it incorporates interior fluid through the vertical upwelling cell. Additionally, the slope region is characterized by the presence of a poleward undercurrent which also appears to intensify with decreasing latitude (Hughes and Barton 1974; Barton and Hughes 1982; Mittelstaedt 1983 Mittelstaedt , 1991 . Pelegrí et al. (2006) estimated that each current is able to increase the water parcel relative vorticity from zero to a maximum value of order 1×10 −5 s −1 , which is of the same order as the required change in planetary vorticity from the Strait of Gibraltar (36°N) to Cape Ghir (31°N), or from Cape Bojador (26°N) to Cape Blanc (21°N). Maps of potential vorticity contours for the Atlantic Ocean vaguely suggest the possibility of a near-slope band of near constant potential vorticity off NW Africa (Lozier et al. 1995; Pelegrí et al. 2005a ). The high-resolution numerical experiments of Troupin et al. (2012) have confirmed the occurrence of narrow meridional bands of negative and positive relative vorticity along the African coastline related to the upwelling jet. Troupin et al. (2012) concluded that the wind-stress curl near Cape Ghir injects positive relative vorticity breaking the potential vorticity balance, preventing the upwelling jet from flowing southward and making it turn offshore to follow lines of equal potential vorticity. The alteration of such band of uniform potential vorticity is critical for the filament generation mechanism. In our study, that band of meridional uniform potential vorticity also plays a central role, as the necessary condition for the potential vorticity balance in the eastern boundary regions. Figure 16 shows some composite time series for the transports calculated through the main sections (see also Table 3 ). The Lisbon-Madeira (2.5±0.6 Sv) and CadizLanzarote (1.5±0.7 Sv) transports are always toward the east, with mean values greater than the standard deviations. The flow through the Madeira-Tenerife section is to the west but quite weak and variable (−0.5±0.9 Sv). A remarkable feature is the rapid inversion in the flow direction at the eastern passage between the Canary Islands and the African coast (Fv-Af), as evidenced by substantially different transport estimates from XBT and CTD data taken in January and September 1997, the latter from southward flow to very intense northward flow (Tables 1 and 3 ). The flow through this eastern passage is most of the time toward the south and rather intense (up to 2.6 Sv) but usually changes sign in late fall or early winter. The mean southward transport (from a total of 17 sections, i.e., all values except five realizations) is −1.1±0.5 Sv, while the four autumn realizations have a mean northward value of 1.8±0.7 Sv; the only other measurement of a flow inversion was taken in July 1997 (2.3 Sv). These autumn flow inversions may possibly be the result of the summer intensification of the CUC until it becomes unstable at Cape Ghir and is diverted offshore. Table 1 . Also given are the balances in box 1, which refers to the net balance combining the first three columns (LbMd-Tf-Cd), and in box 2, which refers to the net balance combining the fourth and fifth columns (Cd-Fv-Af Arrow width is proportional to mass transport (in Sv). The 500, 1,000, 2,000, 3,000, 4,000, and 5,000 m isobaths are shown for reference (Smith and Sandwell 1997) (32°N) (Fig. 2) . North of the Canary Islands, the eastward flow (into the coastal ocean) intensifies in summer, but it is in fall when the flow through the passage between the eastern Canary Islands and the African coast gets reversed. This supports the idea of the flow near Cape Ghir (31°N) becoming unstable and returning to the deep ocean, creating a divergence which induces a northward along-slope reversal. Our XBT transects may be combined to form two closed boxes: Lisbon-Madeira-Tenerife-Cadiz (Lb-Md-Tf-Cd) and Cadiz-Fuerteventura-Africa (Cd-Fv-Af) (Table 3 ; Fig. 17 ). For most of the realizations, the water mass balance closes reasonably well, with deviations about the size of the method's intrinsic error. The XBT-inferred transports also fit reasonably well, in most cases within less than 0.5 Sv, the values obtained from the moorings installed east of Lanzarote as part of the CANIGO program (Hernández-Guerra et al. 2003) . One important exception occurs in September 1997 when the transport through Lz-Af as inferred from the current meters (1.5 Sv northward on 15th September) fits very well the transport through the analogous section as inferred from the CTD (1.5 Sv northward as calculated with stations taken between 19th and 21st September). In contrast, the transports inferred from the XBT sections (19th September) are always southward: 1.7 Sv through Fv-Af and 0.5 Sv through Lz-Af. This difference appears related to two features. First, the XBT section sampled the African shelf region where a swift southward flow was present. Second, the Lz-Af XBT section was taken between 5 and 10 km north from the CTD and moorings section, being more influenced by a cyclonic eddy. This eddy is clear in our Fig. 9 (September 1997 realization) as well as in Fig. 11b of Machín et al. (2006a) , in our case predominating the southward limb in contrast with the Machín et al. (2006a) representation (the difference in reference level is less than 100 m). The presence of such mesoscale structures is probably responsible of similar fast transport transitions in the depth of the isoneutrals (Fig. 7 ) and in the current meter records (Fig. 16) . Table 4 summarizes and compares the observational values with the numerical transports for case 6. To carry out this comparison and because of the idealized character of the model and the limitations in the data set, we have had to make several assumptions as described next. The choice of 22°W as corresponding to the Lb-Md section is somewhat arbitrary. It aims at capturing the interior ocean recirculation into the region north of the Madeira and Canary Islands. The Canary Islands extend some 5°west from the African coastline, so we chose a parallel located 5°west from the eastern limit of our model domain, i.e., at 22°W. The latitude at 32°N is chosen because it is near the latitude of Cape Ghir, where a fraction of the flow returns back from the coastal ocean into the interior ocean through the permanent Cape Ghir filament (e.g., Pelegrí et al. 2005a ) and also because it also corresponds to the southern tip of the northern constant potential vorticity band in case 6 (Table 2) . With these latitudes and longitudes, we are able to estimate the size of the eastern-boundary interior-ocean flow (through 22°W) and how much of this reaches the coastal ocean (whatever exits through 17°W less 1 Sv flow into the Strait of Gibraltar). The model also tells us how much water recirculates back to the interior ocean at 32°N, 17°W. This is expected to be indicative of the flow divergence at Cape Ghir and, therefore, of the possibility of finding a flow reversal (northward) through the eastern passage between the Canary Islands and the African continent.
In order to compare these numerical values with the observed transports and following Machín et al. (2006b) , we ensemble the data as winter-like and summer-like The numerical transports are calculated as follows: Lb-Md equals the eastward flow north of 32°N at 22°W; Cd-Lz corresponds to the eastward flow north of 32°N at 17°W, after subtracting 1 Sv which is assumed to exit through the Strait of Gibraltar; Lz-Af indicates the amount of water recirculating back to the interior ocean at 32°N; the stronger the recirculation, the larger the divergence at Cape Ghir. The months corresponding to the winter-like and summer-like seasons are shown in parenthesis. All observational data come from Table 3 (when two values are available for one same month we use their average) except the values in parenthesis for the Cd-Lz section which is taken from Machín et al. (2006b) . Positive values represent eastward (through Lb-Md and Cd-Lz) and northward transports (through Lz-Af)
conditions. One reason to make this grouping is to have a more substantial number of values describing each season. The second, very important reason, arises because of the time-lag between wind forcing and ocean response. In the real ocean, we expect that the ocean will have some delayed response to a given wind forcing, possibly of the order of 1 month in the case of the whole upper thermocline. This aspect is totally neglected in our model simulations, as the model assumes that during each season the ocean has sufficient time to reach a steady state that corresponds to the seasonal wind forcing. We acknowledge this limitation through grouping the observations in winter-like and summer-like conditions and by comparing the model results with the observations some time later, chosen of the order of 1 month. In this table, we have also incorporated the Cd-Lz transports as estimated by Machín et al. (2006b) , which correspond to latitudes north of Cape Ghir (32°N), to illustrate the actual winter intensification of the onshore flow. Despite its extreme idealizations, with nothing that resembles the actual coastal and islands morphology, the quasigeostrophic model with modified eastern boundary conditions profoundly affects the flow patterns of the interior ocean. The model-data comparison presented in Table 4 is far from perfect, but yet we find that the model is capable of reproducing the major observed seasonal variations. The seasonally changing winds lead to significant variations in the flow pattern within the eastern margin of the interior ocean and, in particular, in the amount of water flowing in or out of the eastern boundary. The drainage of interior waters into the coastal ocean through the eastern boundary builds up between summer and winter, being the source of a swift southward flow that eventually becomes unstable at Cape Ghir and diverts into the deep ocean. This diversion induces flow divergence which may lead, as observed in late autumn, to the occurrence of northward flow in the passage between the eastern Canary Islands and the African coast.
